Background The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was developed using both CKD and non-CKD patients to potentially replace the Modification of Diet in Renal Disease (MDRD) equation that was derived with only CKD patients. The objective of our study was to compare the accuracy of the MDRD and CKD-EPI equations for estimating GFR in a large group of patients having GFR measurements for diverse clinical indications.
Introduction
Multiple equations are now widely used to estimate the GFR using serum creatinine values. Indeed, among adults younger than 70 years, organizations such as the National Kidney Foundation and the American Society of Nephrology currently recommend reporting estimated GFR (eGFR) using the Modification of Diet in Renal Disease (MDRD) equation with every serum-creatinine measurement, as long as the eGFR is less than 60 ml/min per 1.73 m 2 . However, this equation was developed using data from a study population with chronic kidney disease (CKD), and subsequent studies have demonstrated that the MDRD equation significantly underestimates GFR among individuals with normal kidney function (1) (2) (3) (4) (5) (6) (7) (8) . In addition, the extent to which the equation can be applied to other population groups, such as persons older than 70 years, is not clear.
Recently, the CKD Epidemiology Collaboration (CKD-EPI) equation was developed to address known limitations of the MDRD equation (9,10) using a mixed multicenter sample of approximately 70% subjects with known CKD or at high risk for it (e.g., transplant recipients) and only 30% with low risk for CKD (e.g., kidney donors). Thus, the CKD-EPI equation was designed to address to reduce the tendency of the MDRD equation to underestimate GFR when applied to healthy individuals. Indeed, it performed better than the MDRD equation when validated in a multicenter sample of 3896 subjects with a similar ratio of high-risk and low-risk subjects (9, 10) . Because the CKD-EPI equation appears less biased at lower GFR, automated reporting of eGFR calculated with it has been advocated even when the value is Ͼ60 ml/ min per 1.73 m 2 (11) . Therefore, the objectives of our study were the fol-lowing: (1) to determine the performance of the MDRD and CKD-EPI equations for estimating GFR across different patient populations of varied clinical presentation in a large single-center sample of 5238 patients and (2) to assess the performance of these equations across the full adult age spectrum, including those Ͼ70 years old.
Materials and Methods

Patient Population
From June 1, 2007 , to January 29, 2010, all adult patients who underwent an outpatient iothalamate clearance at the Mayo Clinic in Rochester, MN, were identified (n ϭ 7713). All of the patients in this cohort underwent simultaneous serum creatinine and renal iothalamate clearance measurements. As part of the iothalamate clearance test, the clinical indication for the test, demographics, height, and weight were all documented in a laboratory database. Clinical indications were divided into the following categories: potential kidney donor, postnephrectomy kidney donors, native chronic kidney disease, kidney transplant recipient, and nonkidney organ transplant recipient. Patients who had received both a kidney and nonkidney allograft were classified as kidney transplant recipients. The clinical rationale for measurement of GFR for each of the patient populations was as follows: potential donors always undergo GFR measurement by iothalamate as part of a protocol evaluation. Postnephrectomy donors and transplant recipients undergo GFR measurement as part of a protocol follow-up evaluation. For the CKD patient population, the decision to measure GFR was made by the treating physician. All of the patients in the study population who underwent GFR assessment were stable outpatients and in steady state in relation to GFR.
Patients who underwent renal function assessment for the purpose of chemotherapy dosing, paraplegic and quadriplegic patients, patients known to have neurogenic bladder, patients under the age of 18 years, dialysis patients, and amputees were all excluded from the study (n ϭ 2475). These patients were identified based on notes recorded in the laboratory database as well as a thorough review of medical records. For any subject who had multiple GFR measurements, only the first was used in the analysis. Our final study population totaled 5238 patients. The Mayo Clinic institutional review board approved this study.
Iothalamate Clearance, Serum Creatinine, and eGFR GFR was measured by renal clearance of nonradiolabeled iothalamate (mGFR) as described previously (12) . The test was performed under a standardized protocol. The patients were fasted and underwent testing early in the day to minimize the effects of diet and diurnal variation on GFR. They were orally hydrated with water to ensure adequate urine flows for accurate measurement. In brief, the patients underwent testing via subcutaneous injection of nonradiolabeled iothalamate after oral hydration with four to six glasses of water. Two hours later, renal clearance of iothalamate was measured over 45 to 60 minutes. Plasma and urine iothalalamate concentrations were measured by capillary electrophoresis on a Beckman MDQ capillary electrophoresis analyzer. GFR was expressed per 1.73 m 2 by multiplying the measured value by 1.73 and dividing by body surface area. Serum or plasma creatinine values were obtained using an isotope dilution mass spectrometry-traceable Roche enzymatic method (Roche P or D Modular or Roche Cobas C501 with Roche Creatininase Plus assay; Roche Diagnostics, Indianapolis, IN) using a blood sample obtained within 24 hours of the study. GFR was estimated using both the revised MDRD equation for isotope dilution mass spectrometry-traceable creatinine assays (13) and the newer CKD-EPI equation (9) .
GFR measured by iothalamate clearance may be imprecise because of within-individual measurement error, and this will negatively affect the assessment of the MDRD and CKD-EPI equation performance by analyses that are influenced by precision such as R 2 , root mean square error, SD of bias, and P30%. However, iothalamate clearance was the gold standard used to develop both of these equations and by definition provides unbiased estimates for assessing the performance of these equations. Furthermore, Mayo Clinic patients who had iothalamate clearances between 1996 and 2003 by the methods described here were part of the data set used to develop the CKD-EPI equation (9) .
Statistical Analyses
Both the CKD-EPI and MDRD equations were developed using least-squares regression, which was intended to achieve no bias between log mGFR and log eGFR across levels of eGFR in the development sample. Therefore, in this study mGFR was plotted against eGFR on a log-log scale to assess bias in a manner that was consistent with the original approach used to derive the equations. Separate regression lines were drawn for postnephrectomy kidney donors and potential kidney donors. The other three patient populations (kidney transplant recipients, CKD patients, and nonkidney transplant patients) were grouped together, and a single regression line was drawn to represent these three groups because the regression lines for these three groups were virtually identical. The resulting three regression lines representing the different patient populations were compared with assess deviation (bias) relative to the line of identity.
For each stage of eGFR (Ͻ15, 15 to 29, 30 to 44, 45 to 59, 60 to 89, and Ն90 ml/min per 1.73 m 2 ), the percentage of patients with an mGFR in the same stage was assessed for each of the five patient populations. Because both equations contain the same four variables (serum creatinine, age, gender, and race), the analyses focused on comparing bias rather than relative precision. Bias was assessed two different ways: (1) percentage bias, calculated as ⌺[(eGFR Ϫ mGFR)/mGFR]/n and (2) bias on a logarithmic scale, calculated and presented as a percentage: exp[⌺(log eGFR Ϫ log mGFR)/n] Ϫ 1. Bias was compared by age group (Ͻ40, 40 to 69, and Ն70 years) and gender with each equation in each patient population. Bias estimates were also plotted against age by using a smoother function (lambda ϭ 1000,000) to depict the difference between eGFR and mGFR in each patient population. To assess the diagnostic accuracy of each equation depending on the screening setting, the sensitivity and specificity for an mGFR Ͻ60 ml/min per 1.73 m 2 (common threshold for CKD) (14) or Ͻ80 ml/min per 1.73 m 2 (common threshold for donor 
Results
Description of Patient Population
There were 5238 patients identified with both an iothalamate renal clearance result and a plasma or serum creatinine available within 24 hours of the test. The characteristics of the study population are summarized in Table 1 . The population consisted of five major groups divided by clinical indication for testing: potential kidney donors (n ϭ 583), postnephrectomy kidney donors (n ϭ 97), native CKD (n ϭ 2324), kidney transplant recipients (n ϭ 1375), and recipients of organs other than kidneys (n ϭ 859). Of all of the patients in our study, 19% (n ϭ 870) were aged 70 years and older; however, most of these had known CKD or a high-risk condition (transplant) for CKD (n ϭ 856), whereas relatively few were potential kidney donors (n ϭ 7) or postnephrectomy kidney donors (n ϭ 7). The cohort was largely Caucasian (89%) with only a small fraction identified as African American (1.9%, n ϭ 98). mGFR was plotted against eGFR calculated using the CKD-EPI equation ( Figure 1A ) and against eGFR by the MDRD equation (Figure 1B) . When the regression line of mGFR versus eGFR is compared with the line of identity, it is apparent that the MDRD equation is relatively unbiased for native CKD and transplant recipients, but the CKD-EPI equation slightly overestimated GFR in these groups. The regression lines demonstrated bias for both equations among potential kidney donors and postnephrectomy kidney donors with underestimation of GFR, particularly at lower levels of eGFR. However, in the clinically important range of eGFR 50 to 70 ml/min per 1.73 m 2 , the CKD-EPI equation underestimated GFR to a lesser degree.
Performance of the MDRD and CKD-EPI Equations in Estimating GFR among Various Patient Populations
Next, the percentage bias between eGFR and mGFR was stratified by clinical indication for GFR testing ( Table 3 ). The CKD-EPI equation underestimated mGFR to a lesser degree than the MDRD equation among potential kidney donors and postnephrectomy kidney donors. However, the CKD-EPI equation still underestimated mGFR among potential kidney donors with an eGFR Ͻ90 ml/min per 1.73 m 2 and postnephrectomy kidney donors with an eGFR Ͻ60 ml/min per 1.73 m 2 (Ϫ13% or more). The CKD-EPI equation also overestimated GFR more than the MDRD equation among those with CKD, kidney recipients, and other organ recipient populations. Both the CKD-EPI and MDRD equations substantially overestimated GFR (16% or more) among these patient populations when the eGFR was Ͼ90 ml/min per 1.73 m 2 . Repeating the analysis with percentage bias based on logarithmic eGFR (Table 3) , the CKD-EPI equation showed less bias in the CKD, kidney recipient, and other organ recipient populations.
Effect of Age on the Performance of Equations to Estimate GFR
The percentage bias ( Figure 2A ) and bias on a logarithmic scale ( Figure 2B ) were separately calculated for each equation across the age spectrum. Potential kidney donors 86%  80%  63%  31%  55%  MDRD  90%  100%  66%  41%  64%  60 to 89  CKD-EPI  50%  85%  58%  55%  54%  MDRD  38%  77%  51%  62%  55%  45 to 59  CKD-EPI  27%  30%  46%  42%  49%  MDRD  15%  18%  40%  44%  46%  30 to 44  CKD-EPI  31%  58%  54%  59%  MDRD  27%  46%  50%  55%  15 to 29  CKD-EPI  68%  69%  57%  MDRD  67%  63%  51%  Ͻ15  CKD-EPI  72%  80%  71%  MDRD  72%  75%  57% CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; MDRD, Modification of Diet in Renal Disease; eGFR, estimated GFR; mGFR, measured GFR.
and postnephrectomy kidney donors were grouped together, as were native CKD and transplant recipients, because equations performed similarly within these groups. Among the native CKD patients and transplant recipients, the CKD-EPI equation tended to overestimate GFR more in younger adults, whereas the MDRD equation tended to overestimate GFR more in older adults ( Table 4 ). The percentage bias for each equation was also evaluated by gen- der. Once again potential kidney donors and postnephrectomy kidney donors were grouped together, as were native CKD, kidney transplant recipients, and other organ transplant recipients. The differential effects of gender on bias were minimal ( Table 5) .
Ability of Estimating Equations to Detect Reduced mGFR
Only 2% (n ϭ 10) of the potential kidney donors had a mGFR Ͻ60 ml/min per 1.73 m 2 , whereas 17% (n ϭ 97) had an mGFR Ͻ80 ml/min per 1.73 m 2 . Among potential kidney donors (persons without known CKD), the CKD-EPI equation had 50% sensitivity and 98% specificity for detecting an mGFR Ͻ60 ml/min per 1.73 m 2 (current definition of CKD stage 3), whereas the MDRD equation had 70% sensitivity and 94% specificity for detecting an mGFR Ͻ60 ml/min per 1.73 m 2 . The CKD-EPI equation had 71% sensitivity and 76% specificity for detecting an mGFR Ͻ80 ml/min per 1.73 m 2 (a GFR threshold many centers currently use to exclude kidney donation), whereas the MDRD equation had 89% sensitivity and 48% specificity. For any GFR threshold below 90 ml/min per 1.73 m 2 , there was a consistent trade-off between increased specificity with the CKD-EPI equation versus increased sensitivity with the MDRD equation.
Discussion
This study demonstrates that performance of the CKD-EPI equation depends on the clinical presentation of the patient, as has been widely recognized when the MDRD equation is used (16) . However, the CKD-EPI equation demonstrates less negative bias than the MDRD equation among persons without kidney disease. This is likely due to a higher average muscle mass among healthy persons who were purposefully used in the cohort used to develop the CKD-EPI equation. Perhaps there is a trade-off: the CKD-EPI equation overestimates GFR among patients with CKD or at high risk for CKD (e.g., transplant recipients) (17) . Including healthy persons in the CKD-EPI cohort also explains the resulting trade-off between higher specificity than the MDRD equation for detecting a low mGFR, at the cost of lower sensitivity. The bias with each equation depends on age with substantial overestimation of GFR in the youngest and oldest age groups in both CKD and transplant recipient populations.
In kidney transplant recipients, nonkidney transplant recipients, and CKD patient populations, the CKD-EPI equation was more biased than the MDRD equation with greater overestimation of GFR. In addition, both equations underestimated GFR among potential kidney donors and postnephrectomy kidney donors, although to a lesser extent with the CKD-EPI equation. The results obtained using the MDRD equation confirm findings by multiple previous studies, because it has previously been observed that the MDRD equation significantly underestimates GFR among individuals with normal kidney function (1) (2) (3) (4) (5) . A recent study in 96 healthy adults also found less underestimation of GFR with the CKD-EPI than the MDRD equation (18) . Although including low-risk individuals in the cohort used to develop the CKD-EPI equation did attenuate underestimation of GFR in low-risk populations and improve specificity for detecting an mGFR Ͻ60 ml/min per 1.73 m 2 as compared with the MDRD equation, it did so at the expense of overestimating GFR when used in CKD patients and transplant recipients and reduced sensitivity for detecting an mGFR Ͻ60 ml/min per 1.73 m 2 . Therefore, it seems that improved performance in the healthier populations was obtained at the expense of slightly reduced performance in more diseased populations. However, in certain circumstances this may be a clinical advantage, because serum-creatinine measurements are often made in low-risk populations for screening purposes.
A recent study by White et al. (19) compared eGFR by both equations to mGFR among kidney transplant recipients. Bias for the CKD-EPI was found to be lower than the four-variable MDRD study equation, with a mean of Ϫ9.3 versus Ϫ4.5 ml/min per 1.73 m 2 for the MDRD and CKD-EPI equations, respectively. This finding is somewhat different than our results, which demonstrate a bias of 1% in kidney transplant recipients using the MDRD equation and a bias of 8% using the CKD-EPI equation (Table 3) . However, White et al. (19) used plasma clearance of 99m Tc-diethylenetriamine pentaacetic acid measure GFR, whereas renal iothalamate clearance was used in our study. Our findings with respect to the nephrectomized donors are similar to those recently reported by Tent et al. (20) and Lane et al. (21) , showing that both the CKD-EPI and MDRD equations have a similar percentage bias before and after kidney donation, with the CKD-EPI equation demonstrating less overall negative bias than the MDRD equation in these groups (20, 21) .
Our analyses show that GFR using the MDRD equation and the CKD-EPI equation is overestimated in those Ͼ70 years, patients with CKD, and transplant recipients. Indeed, efforts to develop an equation that uses serum creatinine and is accurate in both high-risk and low-risk populations may not be possible without better surrogates than demographics to estimate creatinine generation (muscle mass) (22) . However, it is important to recognize that eGFR by either equation remains clinically useful, even in these populations, because serum creatinine alone more severely overestimates GFR, especially among the very elderly with CKD. Therefore, individual laboratories may want to broaden age restrictions for reporting eGFR, specifically to include those Ͼ70 years old, because our data suggest that it retains reasonable utility in this group.
Although our data confirm that the CKD-EPI equation is more accurate among patients without CKD, it still underestimates GFR in these low-risk populations. Furthermore, improved specificity for an mGFR less than 60 ml/min per 1.73 m 2 is at the expense of decreased sensitivity. Importantly, neither the MDRD equation (89% sensitivity and 48% specificity) nor CKD-EPI equation (71% sensitivity and 76% specificity) may be deemed accurate enough for identifying a GFR less than 80 ml/min per 1.73 m 2 , a common threshold to exclude patients from kidney donation. Tent et al. (20) made similar observations and also recommended against using an eGFR as the sole measure to approve or exclude potential kidney donors, without considering other clinical indicators of CKD. Results of other laboratory tests, such as biochemical and or microscopic urinalysis, may be helpful in determining whether patients with reduced GFR are eligible to donate.
In conclusion, despite great strides in standardizing laboratory measurement of serum creatinine and refinement of equations, estimates of GFR based upon serum creatinine remain an unsatisfactory test for renal function. Importantly, clinical presentation is vital to the interpretation of eGFR because both equations are strongly influenced by patient category. In particular, otherwise healthy individuals with an eGFR just below 60 ml/min per 1.73 m 2 by either equation will likely have higher levels of mGFR. Therefore, interpretation of eGFR derived using either equation requires caution, in particular when the eGFR is Ͼ60 ml/min per 1.73 m 2 . In addition, given the problems with using serum creatinine to estimate GFR, other endogenous markers, such as cystatin C (23) or beta trace protein (24, 25) , that are less influenced by muscle mass may be helpful as confirmatory tests to identify patients with true reductions in GFR.
